Multiple signaling pathways are known to induce apoptosis in thymocytes through mechanisms that include the loss of mitochondrial membrane potential, cell shrinkage, caspase activation, and DNA degradation but little is known about the consequences of apoptosis on the properties of the plasma membrane. We have previously shown that apoptotic signals, including survival factor withdrawal and glucocorticoids, induce plasma membrane depolarization during rat thymocyte apoptosis, but the mechanisms involved in this process are unknown. We report here that inhibition of the Na 
Multiple signaling pathways are known to induce apoptosis in thymocytes through mechanisms that include the loss of mitochondrial membrane potential, cell shrinkage, caspase activation, and DNA degradation but little is known about the consequences of apoptosis on the properties of the plasma membrane. We have previously shown that apoptotic signals, including survival factor withdrawal and glucocorticoids, induce plasma membrane depolarization during rat thymocyte apoptosis, but the mechanisms involved in this process are unknown. We report here that inhibition of the Na ؉ /K ؉ -adenosine triphosphatase (Na ؉ /K ؉ -ATPase) with ouabain similarly depolarized control thymocytes and enhanced glucocorticoid-induced membrane depolarization, suggesting a link between Na ؉ /K ؉ -ATPase and plasma membrane depolarization of thymocytes. To determine whether repression of Na ؉ /K ؉ -ATPase levels within cells can account for the loss of plasma membrane potential, we assessed protein levels of the Na ؉ / K ؉ -ATPase in apoptotic thymocytes. Spontaneously dying thymocytes had decreased levels of both catalytic and regulatory subunits of Na ؉ /K ؉ -ATPase, and glucocorticoid treatment enhanced the loss of Na E ARLY STUDIES OF the effects of glucocorticoids on the immune system showed that glucocorticoids caused a profound reduction in thymic mass and volume due primarily to thymocyte apoptosis (1, 2) . Glucocorticoids induce a cell death program in thymocytes characterized by the loss of mitochondrial membrane potential, cell shrinkage, caspase activation, and DNA degradation (3) (4) (5) . The structure and function of the plasma membrane are also altered by glucocorticoids during apoptosis, as is evidenced by alterations in the transport of glucose and amino acids (6) and the distribution of ions across the membrane (7) (8) (9) (10) . Phosphatidylserine residues also reorient to the exterior of the cell during apoptosis (11) . Finally, late in apoptosis, the plasma membrane blebs and pinches off to form apoptotic bodies (12, 13) .
The loss of water and ions from the cell during apoptosis, particularly potassium (7, 10) , results in cell shrinkage, a characteristic feature of apoptosis (1, 13) . In thymocytes, glucocorticoids induce cell shrinkage through a receptordependent and gene expression-dependent pathway (5, 14) . In addition, studies with the pan-caspase inhibitor z-VAD showed that glucocorticoid-induced cell shrinkage is dependent upon activation of the caspase cascade (5, 15) . Interestingly, the loss of potassium has been shown to occur only in the shrunken population of cells (10, 16) , and the hypotonic intracellular environment caused by the loss of potassium is required for subsequent activation of caspase 3-like enzymes and DNA degradation (15) (16) (17) .
Recent studies from our laboratory have shown that antiFas antibody treatment of human Jurkat T cells led to sustained depolarization of the plasma membrane and other characteristics of apoptosis (18) . We have also observed that glucocorticoids induce receptor-dependent depolarization of the plasma membrane of primary isolated rat thymocytes both in vivo and in vitro (19) . The ability of glucocorticoids to depolarize the membrane correlated with their ability to induce apoptosis in the target cell. Interestingly, apoptotic stimuli, such as survival factor withdrawal, also lead to depolarization of thymocytes and subsequent detection of apoptotic characteristics, but the mechanisms defining this cellular apoptosis are largely unknown.
The plasma membrane potential of lymphocytes is maintained predominantly by the electrogenic action of Na ϩ /K ϩ -adenosine triphosphatase (Na ϩ /K ϩ -ATPase) (20, 21) . The Na ϩ /K ϩ -ATPase is an ATP-dependent membrane enzyme that exchanges 3Na ϩ for 2K ϩ against an electrochemical gradient (22) and thus maintains high potassium and low sodium levels within the cell (23, 24) . Inhibition of Na ϩ /K ϩ -ATPase leads to depolarization of the plasma membrane in Abbreviations: AEVD-fmk, Z-Ala-Glu (Ome)-Val-Asp (Ome)-FMK; DEVD-fmk, Z-Asp-Glu-Val-Asp-fluoromethylketone; IETD-fmk, Z-IleGlu-Thr-Asp-fluoromethylketone; Na ϩ /K ϩ -ATPase, Na ϩ /K ϩ -adenosine triphosphatase; PI, propidium iodide; TBS, Tris-buffered saline; z-VAD-fmk, Z-Val-Ala-Asp-fluoromethylketone. a variety of cells, including Jurkat cells (25) . Furthermore, inhibition of Na ϩ /K ϩ -ATPase enhances the sensitivity of Jurkat cells to the death-inducing actions of anti-Fas antibody. However, it is unknown whether Na ϩ /K ϩ -ATPase is regulated during spontaneous or glucocorticoid-induced apoptosis of primary rat thymocytes. Additionally, it is unclear whther caspases, which are known to be activated in both spontaneous and glucocorticoid-induced apoptosis (5) , are involved in modulation of cellular Na ϩ /K ϩ -ATPase. The present study examines the role of Na ϩ /K ϩ -ATPase in glucocorticoid-mediated apoptosis of primary thymocytes. We report that thymocytes depolarize during spontaneous and glucocorticoid-induced cell death and that inhibition of Na ϩ /K ϩ -ATPase enhances both cellular depolarization and apoptosis. Interestingly, although nonselective inhibition of the caspase cascade blocks cellular depolarization in response to both apoptotic stimuli, caspase specific inhibitors do not. We show that Na ϩ /K ϩ -ATPase protein levels selectively decrease in both spontaneous and glucocorticoid-induced death. Finally, examination of the relationship between cell shrinkage, depolarization, and Na ϩ /K ϩ -ATPase repression reveals that depolarization and repression of Na ϩ /K ϩ -ATPase protein levels occur in the shrunken population of cells. 
Materials and Methods Reagents

Animals
Male Sprague Dawley rats (2-3 months of age) were used in all experiments. The animals were bilaterally adrenalectomized by the provider at least 5 d before use, maintained under controlled conditions of temperature (25 C) and lighting, and allowed free access to food and 0.85% saline. All experimental protocols were approved by the animal review committee at the institute and were performed in accordance with the guidelines set forth in the NIH Guide for the Care and Use of Laboratory Animals published by the USPHS. Animals were killed by decapitation, and the thymus was surgically removed.
Thymocyte cultures
Thymocytes were prepared from freshly isolated thymus as previously described (16, 26, 27) . Briefly, thymocytes were dispersed by gentle homogenization in a glass/glass homogenizer (no. 22, Kontes Co., Vineland, NJ), filtered, washed in cold PBS, and counted on a hemocytometer. Cells were cultured (5 ϫ 10 6 cells/ml) at 37 C in 5% CO 2 , in RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 4 mm glutamine, 100 U/ml penicillin, and 75 U/ml streptomycin sulfate (prepared in house).
FACS analysis
The plasma membrane of isolated thymocytes was measured with the anionic oxonal dye DiBAC 4 (3) (Molecular Probes, Inc.) as described previously (18) . DiBAC 4 (3) was prepared in dimethylsulfoxide according to the manufacturer's instructions. Briefly, cells were incubated with 150 nm DiBAC 4 (3) for 30 min at 37 C in 5% CO 2 . PI was added to a final concentration of 10 g/ml immediately before flow cytometric analysis to exclude nonviable cells (28) . Cells were examined as changes in their plasma membrane potential and cell size by flow cytometry using a FACSort (Becton Dickinson and Co., Mountain View, CA) equipped with an argon (488-nm) laser. Fifteen thousand cells were examined under each condition, and all flow cytometric analysis was accomplished using CellQuest software. Cell size was monitored by alterations in the forward light-scattering properties of the cells as described previously (5) . Fluorescent emission of DiBAC 4 (3) and PI were detected at 530 and 650 nm, respectively. An increase in DiBAC 4 (3) fluorescence at 530 nm indicates cellular depolarization. The percentage of cells with increased DiBAC 4 (3) fluorescence was determined by gating on the fresh, viable population of cells. Cells with DiBAC 4 (3) fluorescence greater that that for the fresh population of cells were quantified for each treatment. The average Ϯ sem for each treatment represent at least three independent experiments. Statistical analyses were performed using t test with ␣ ϭ 0.05. -ATPase-␤ monoclonal antibody (Upstate Biotechnology, Inc., Saranac Lake, NY). To assess GR levels, blots were incubated with a 1:1,000 dilution of an antipeptide GR antibody (29) . Actin levels were determined by incubation with a 1:10,000 dilution of a mouse antiactin antibody (Chemicon, Temecula, CA). Membranes were then washed according to the manufacturer's instructions and incubated with a horseradish peroxidase-labeled goat antimouse or goat antirabbit secondary antibody (1:10,000 in TBS; Amersham Pharmacia Biotech, Arlington Heights, IL), washed again, and reacted with chemiluminescent reagents for autoradiography (Amersham Pharmacia Biotech).
Protein extraction and immunoblot analysis
Cell sorting
To analyze Na ϩ /K ϩ -ATPase protein levels in normal vs. shrunken cells, thymocytes were treated with dexamethasone for 3 h to induce cell shrinkage. After this time the cells were stained with PI to eliminate from further analysis cells that had lost their membrane integrity. Simultaneous sorting of both normal and shrunken populations of cells was accomplished using a Becton Dickinson and Co. FACSVantage SE equipped with CellQuest software. A gate was set on a forward scatter vs. PI fluorescence plot based on an untreated control sample to isolate the normal population of cells. A second gate has then set to the left of this normal cell population denoting cells that had a decreased ability to scatter light the forward direction, indicating cells that were of smaller or shrunken cell size. Sorted cells were maintained at 4 C to maintain their integrity after the sort. Eight million cells were immediately processed for protein analysis by immunoblot analysis as described above.
Results
Plasma membrane depolarizes during spontaneous and glucocorticoid-induced thymocyte apoptosis
We have recently shown that in rat thymocytes, glucocorticoids depolarize the plasma membrane in a dose-dependent manner that is dependent upon the interaction of glucocorticoids with the GR and subsequent gene expression (19) . These studies were conducted with the plasma mem-brane potential-sensitive dye DiBAC 4 (3), an oxonal anionic dye that responds to changes in plasma membrane potential (18, 30) . Figure 1 provides an example of DiBAC 4 (3) fluorescence in freshly isolated thymocytes, spontaneously dying thymocytes, and thymocytes treated with dexamethasone for 6 h. Freshly isolated thymocytes have low DiBAC 4 (3) fluorescence, indicating that plasma membrane potential is intact. Furthermore, addition of high extracellular potassium to the media in these cells as well as human lymphocytes results in cellular depolarization (18) , indicating that this dye is reliable for measurement of plasma membrane potential. After 6 h in culture, there is a population of cells with increased DiBAC 4 (3) fluorescence (19.5 Ϯ 1.8% vs. 9.1 Ϯ 1.7% in the fresh population; P Ͻ 0.05 vs. freshly isolated cells). These data are consistent with our previous observations that primary thymocytes undergo spontaneous death in the absence of an apoptotic stimulus (19) . Glucocorticoid treatment exacerbates this effect by dramatically increasing the percentage of depolarized cells after 6 h (41.2 Ϯ 6.2%; P Ͻ 0.05 vs. time-matched control cells). It is important to note that glucocorticoids do not increase the magnitude of the depolarization, only the percentage of cells that have a depolarized plasma membrane, suggesting that apoptosis is stochastic in this model system. Similarly, examples of cellular depolarization have been observed in Jurkat cells treated with other apoptotic stimuli (18) . These data in combination with our previous observations demonstrate that rat thymocytes depolarize their plasma membrane during both spontaneous and glucocorticoid-induced apoptosis, but the mechanisms underlying this effect and the role of caspases in this process are currently unknown.
Inhibition of Na ϩ /K ϩ -ATPase depolarizes thymocytes and potentiates glucocorticoid-induced loss of plasma membrane potential
In thymocytes and lymphocytes, in general, Na ϩ /K ϩ -ATPase is the primary pump that maintains the electrochemical gradient that is responsible for establishment of plasma membrane potential (20 -22) . Disruption of Na ϩ /K ϩ -ATPase by ouabain is well known to lead to depolarization the plasma membrane (18) . To determine whether Na ϩ /K ϩ -ATPase may be involved in the loss of plasma membrane potential during glucocorticoid-induced apoptosis of thymocytes, we blocked the activity of Na ϩ /K ϩ -ATPase with ouabain, a specific inhibitor of Na ϩ /K ϩ -ATPase in rats as well as other species (31) . As shown in Fig. 2 
Glucocorticoids repress Na ϩ /K ϩ -ATPase protein levels during apoptosis in thymocytes
The fact that inhibition of Na ϩ /K ϩ -ATPase resulted in the loss of plasma membrane potential suggested that Na ϩ /K ϩ -ATPase might be a target for inhibition or perhaps degradation during glucocorticoid-induced apoptosis. In models of Fas-induced apoptosis of Jurkat cells it has been shown that decreased levels of both catalytic (␣) and regulatory (␤) subunits of Na ϩ /K ϩ -ATPase occur (18) . To determine whether glucocorticoid treatment alters the protein levels of Na ϩ /K ϩ -ATPase in primary thymocytes, we examined the protein levels of both catalytic and regulatory subunits of Na ϩ /K ϩ -ATPase (Fig. 3) . Interestingly, we similarly found that the protein levels of both the catalytic and regulatory subunits decreased in untreated cells after 6 h compared with freshly isolated cells, findings consistent with the fact that all of these isolated cells will eventually depolarize and undergo spontaneous apoptosis. Glucocorticoid treatment augmented the loss of Na ϩ /K ϩ -ATPase protein to negligibly detectable levels. In contrast, under the same experimental conditions, GR protein decreased only minimally under these in vitro incubation conditions, and cellular actin levels did not change. These results demonstrate that Na ϩ /K ϩ -ATPase protein levels are selectively decreased during cell death and are consistent with the observed depolarization of the plasma membrane in both spontaneous and glucocorticoid-induced thymocyte apoptosis. The extent of decrease in Na ϩ /K ϩ -ATPase protein levels largely reflects the number of cells in spontaneous and glucocorticoid-induced death that depolarize their plasma membrane, but the assays we have used do not directly measure activity.
Glucocorticoid-induced loss of plasma membrane potential is modulated by caspases
Our observation that plasma membrane depolarization and the loss of Na ϩ /K ϩ -ATPase protein are observed in both spontaneously dying thymocytes and glucocorticoid-treated thymocytes suggests that a common pathway is activated during both signaling cascades necessary for the induction of apoptosis. We have previously shown that activation of the caspase cascade is a common feature of both spontaneous and glucocorticoid-induced apoptosis (5). Furthermore, we have shown that z-VAD, a pan-caspase inhibitor, modulates both spontaneous cell shrinkage and blocks glucocorticoidinduced cell shrinkage in thymocytes (5) . In addition, cell shrinkage and depolarization appeared to be associated in glucocorticoid-induced apoptosis (19) . To determine whether caspases are involved in glucocorticoid-induced membrane depolarization, we next evaluated the effects of caspase inhibition on glucocorticoid-induced membrane depolarization and cell shrinkage. These results suggest that the individual activation of caspase 8-like enzymes, caspase 9-like enzymes, and caspase 3-like enzymes is not sufficient for cell shrinkage or membrane depolarization in spontaneous or glucocorticoid-induced death. These specific caspase inhibitor studies suggest that either an unusual caspase is mediating membrane depolarization or perhaps z-VAD-fmk may inhibit proteases other than caspases, which are involved in the generation of a cellular depolarized state.
Inhibition of caspase activity blocks the decrease in Na
ϩ / K ϩ -
ATPase protein levels during thymocyte apoptosis
To determine the effect of caspases on Na ϩ /K ϩ -ATPase protein levels during apoptosis, we examined the effect of z-VAD-fmk on the loss of Na ϩ /K ϩ -ATPase protein levels during both spontaneous and glucocorticoid-induced apoptosis. As shown earlier (Fig. 3) , the catalytic and regulatory subunits of Na ϩ /K ϩ -ATPase were both decreased in spon- taneously dying and glucocorticoid-treated thymocytes compared with freshly isolated thymocytes (Fig. 5) . Inhibition of the caspase cascade by the pan-caspase inhibitor z-VAD blocked the loss of in Na ϩ /K ϩ -ATPase levels in both spontaneous and glucocorticoid-induced apoptosis (Fig. 5) without affecting the level of cellular actin. These results are consistent with the observation that z-VAD blocked plasma membrane depolarization and suggest that a common pathway, perhaps mediated by novel caspases, is activated in both spontaneously dying and glucocorticoid-treated thymocytes.
Cells with a loss of plasma membrane potential comprise the shrunken population of cells
The experiments described thus far were performed in a population of cells that included both shrunken, apoptotic cells and normal cells. We have previously shown that shrinkage is a defining feature of apoptosis that discriminates committed and noncommitted cells, and in Fas-treated Jurkat cells, depolarization precedes cell shrinkage (18) . To determine whether depolarization precedes cell shrinkage in glucocorticoid-treated thymocytes, we analyzed thymocytes by flow cytometry to simultaneously determine cell size and relative plasma membrane potential (Fig. 6) . Freshly isolated cells form a population with a uniform size distribution that has low DiBAC 4 (3) fluorescence, indicating that the plasma membrane potential is intact. Spontaneous cell death results in the appearance of a small population of shrunken cells, which is consistent with our previous observation that spontaneously dying thymocytes shrink (5) . In spontaneous apoptosis, the population of cells that are still of normal size has low DiBAC 4 (3) fluorescence, indicating that these cells have not lost their plasma membrane potential. However, the shrunken population of cells has high DiBAC 4 (3) fluorescence, indicating that all of these cells have lost plasma membrane potential. Glucocorticoids dramatically increase the shrunken population of cells, as we have reported previously (5) . However, there remains a subpopulation with a normal cell volume. This population, similar to normal cells in the fresh and spontaneously dying samples, still has low DiBAC 4 (3) fluorescence. All of the shrunken cells, however, have high DiBAC 4 (3) fluorescence, indicating they have lost their plasma membrane potential. These results demonstrate that in spontaneously dying and glucocorticoid-treated thymocytes, plasma membrane depolarization is limited to the shrunken population of cells.
The decrease in Na ϩ /K ϩ -ATPase protein levels is limited to the shrunken, depolarized population of cells
The results presented thus far suggest that cell shrinkage and depolarization correlate with a decrease in Na ϩ /K ϩ -ATPase protein levels. However, the analyses of Na ϩ /K ϩ -ATPase protein levels were only conducted on the entire population of cells, which contains a mixture of polarized normal cells and depolarized shrunken cells. Therefore, we were interested in determining whether the repression of Na ϩ /K ϩ -ATPase protein levels was restricted to either the normal or shrunken population of apoptotic cells. To accomplish this goal, glucocorticoid-treated cells were physically sorted into shrunken and normal populations and evaluated for changes in Na ϩ /K ϩ -ATPase levels. ATPase levels of the catalytic and regulatory subunits of Na ϩ /K ϩ -ATPase were also evaluated in freshly isolated thymocytes and in the entire population of glucocorticoid-treated thymocytes (Fig.  7) . Cells sorted into normal and shrunken populations showed a dramatic difference in protein levels of the Na ϩ / K ϩ -ATPase. In the normal population, Na ϩ /K ϩ -ATPase protein levels were the same as those for freshly isolated thymocytes. In contrast, the shrunken population showed dramatically diminished levels of both catalytic and regulatory subunits of Na ϩ /K ϩ -ATPase, whereas no significant difference in the cellular levels of actin was seen between the normal and shrunken populations of cells. These results demonstrate that the repression of Na ϩ /K ϩ -ATPase protein levels, like depolarization, is limited to the shrunken population of cells.
FIG. 3. Glucocorticoids repress Na
ϩ / K ϩ -ATPase protein levels in primary thymocytes. Total cellular protein was extracted from fresh thymocytes (FRESH) or thymocytes cultured for 6 h in the presence (DEX) or absence (CON) of 100 nM dexamethasone. Twenty-five micrograms of total cellular protein was resolved by SDS-PAGE. Protein levels of the ␣ 1 -and ␤ 1 -subunits of Na ϩ /K ϩ -ATPase as well as levels of GR and actin were evaluated by immunoblot analysis as described in Materials and Methods.
Discussion
Research over the last several years has established that cell shrinkage and the movement of ions play important roles in apoptosis (8 -10, 16, 32) . The movement of ions and the resulting alterations in the electrical field across the membrane lead to cellular depolarization, which is an important step in many cellular processes ranging from stimulussecretion coupling (33) to mitogenic T cell activation (34). Work from our laboratory (18, 19) as well as others (35) has suggested that plasma membrane depolarization may be an important component of the apoptotic process. In addition, we recently reported that Na ϩ /K ϩ -ATPase might play a key role in anti-Fas-induced depolarization of Jurkat cells (18) . This study has extended these observations to define a role for Na ϩ /K ϩ -ATPase in the depolarization of primary thymocytes during both spontaneous and glucocorticoidinduced apoptosis. Na ϩ /K ϩ -ATPase is the primary determinant for setting plasma membrane potential in lymphocytes (20 -22) . The present study shows that inhibition of Na ϩ /K ϩ -ATPase by ouabain depolarizes thymocytes and potentiates glucocorticoid-induced depolarization of primary thymocytes. These data support our previous observation that inhibition of Na ϩ /K ϩ -ATPase by ouabain potentiates Fas-induced depolarization in Jurkat cells and suggests a role for Na ϩ /K ϩ -ATPase in thymocyte depolarization and apoptosis. An important role for Na ϩ /K ϩ -ATPase in lymphocyte function is also supported by the fact that Na ϩ /K ϩ -ATPase activity increases during mitogenic T cell activation (36, 37) . Furthermore, inhibition of Na ϩ /K ϩ -ATPase activity by ouabain has been shown to block mitogenic T cell activation (38) . Together, these observations implicate Na ϩ /K ϩ -ATPase as an important moderator of lymphocyte survival.
The plasma membrane depolarization induced during both spontaneous and glucocorticoid-induced apoptosis was associated with a selective decrease in Na ϩ /K ϩ -ATPase protein levels within the cell. The fact that we observed Na ϩ / K ϩ -ATPase degradation in both spontaneous and glucocorticoid-induced death suggests that the repression of Na ϩ / K ϩ -ATPase levels is a shared feature of a common apoptotic pathway induced by disparate signals. Indeed, we also observed that Na ϩ /K ϩ -ATPase levels are decreased during Fas-induced apoptosis of Jurkat cells, and inhibition of this depolarization via activation of PKC blocked apoptotic cell death (18) . These results suggested that a pathway common to these diverse apoptotic-signaling pathways results in the repression of Na ϩ /K ϩ -ATPase protein levels. The activation of the caspase cascade is a common feature to these divergent forms of apoptosis (5, 15, 39 -42) . We have previously shown that caspases are activated during spontaneous and glucocorticoid-induced apoptosis, and that caspases mediate glucocorticoid-induced and spontaneous cell shrinkage (5, 15) . In this study we found that the pancaspase inhibitor z-VAD-fmk blocked the loss of plasma membrane potential in both spontaneous and glucocorticoid-induced apoptosis, which suggests that the caspase cascade plays a role in cell membrane depolarization during apoptosis. Furthermore, the inhibition of depolarization by z-VAD occurred simultaneously with the inhibition of cell shrinkage, suggesting a close relation between the two processes, as we have noted previously (18) . Inhibition of the caspase cascade by the pan-caspase inhibitor z-VAD-fmk also blocked the repression of Na ϩ /K ϩ -ATPase protein levels in both spontaneous and glucocorticoid-induced apoptosis of thymocytes. These data suggest the involvement of the caspase cascade in the repression of Na ϩ /K ϩ -ATPase levels. However, selective inhibition of caspase 8-like enzymes, caspase 9-like enzymes, or caspase 3-like enzymes did not block spontaneous or glucocorticoid-induced depolarization in primary thymocytes, suggesting that the activation of these specific enzymes is not required or downstream of plasma membrane depolarization in thymocytes. In anti-Fastreated Jurkat T cells, other characteristics, such as cell shrinkage, potassium loss, and the loss of mitochondrial membrane potential, were all shown to be independent of caspase 9-like and caspase 3-like enzymes (17) . However, the nonspecific caspase inhibitor z-VAD-fmk was able to prevent these characteristics of apoptosis in anti-Fas-treated Jurkat cells. Therefore, either different caspases may be involved in the pathway that leads to plasma membrane depolarization or z-VAD-fmk may be a less specific inhibitor of proteases than was previously thought, perhaps acting outside the caspase pathway.
Activation of the caspase cascade and cell shrinkage are FIG. 7 . Na ϩ /K ϩ -ATPase protein levels decrease in shrunken rat thymocytes. Thymocytes were treated with dexamethasone for 3 h to induce cell shrinkage. After the incubation, thymocytes were physically sorted into normal and shrunken populations, as described in Materials and Methods. Total cellular protein was extracted from freshly isolated thymocytes (FRESH), thymocytes treated with dexamethasone for 3 h just before sorting (PRESORT), normal thymocytes (NORM), and shrunken thymocytes (SHRUNK). Twenty-five micrograms of total cellular protein were resolved by SDS-PAGE. Protein levels of the ␣ 1 -and ␤ 1 -subunits of Na ϩ /K ϩ -ATPase as well as actin were evaluated by immunoblot analysis as described in Materials and Methods.
tightly linked. In anti-Fas-treated Jurkat cells, DNA fragmentation, decreased potassium content, and active caspase 3-like enzymes are limited to the shrunken population of cells (10) . In fact, the activation of caspase 3-like enzymes is inhibited by physiological concentrations of potassium, and caspase 3-like and nuclease activity are observed only in cells with decreased potassium content (16) . The data presented in the present study show that plasma membrane depolarization in thymocytes is limited to the shrunken population of cells in both spontaneously dying cells and cells treated with glucocorticoids. These results indicate that in thymocytes, two stimuli that induce apoptosis through different signaling pathways (5) simultaneously trigger cell shrinkage and depolarization. In contrast, we have observed that Jurkat cells treated with anti-Fas depolarize before the loss of cell volume (18) . One possible explanation for this difference is that thymocytes are much smaller than Jurkat cells and respond rapidly to glucocorticoid treatment, which may make it difficult to temporally distinguish sequential activation of depolarization and shrinkage in these cells. Additionally, the difference in cellular responsiveness could be due to differences in the cell types. Whereas thymocytes are a primary cell line and die spontaneously in culture, Jurkat cells are a transformed cell line that has been selected to grow in culture. Alternatively, the difference between Jurkat cells and thymocytes could be due to differences in the pathways that regulate depolarization and shrinkage in these cells.
Although levels of Na ϩ /K ϩ -ATPase decrease during spontaneous and glucocorticoid-induced apoptosis, the protein levels were initially evaluated in a mixed population of cells that included both normal and shrunken cells. When these two populations of cells were subsequently physically separated, we observed that the normal population retains Na ϩ /K ϩ -ATPase expression levels equivalent to freshly isolated cells. The shrunken population, however, had a dramatic decrease in Na ϩ /K ϩ -ATPase protein levels, which demonstrates that the repression of Na ϩ /K ϩ -ATPase protein levels is limited to the shrunken population of cells and supports our previous finding that Na ϩ /K ϩ -ATPase protein levels of both the catalytic and regulatory subunits are repressed in anti-Fas-treated Jurkat cells.
The observation that ion fluxes and depolarization occur early in apoptosis induced by disparate signals in different cell types suggests that these are conserved features of apoptosis that are also important events in other cellular processes. Na ϩ /K ϩ -ATPase plays a central role in maintaining this ionic balance and is conserved across species (43) . Given that the potential difference across the plasma membrane results from the asymmetric distribution of ions and is maintained by the electrogenic action of Na ϩ /K ϩ -ATPase (22) , it stands to reason that Na ϩ /K ϩ -ATPase may play an important role in apoptosis as it does in other cellular processes. The importance of Na ϩ /K ϩ -ATPase in apoptosis was first demonstrated in Jurkat cells treated with anti-Fas. We have now extended these studies to primary thymocytes and have observed that two disparate apoptotic signals, survival factor withdrawal and glucocorticoids, repress Na ϩ /K ϩ -ATPase protein levels during thymocyte apoptosis. Additionally, we have shown that both depolarization and the repression of Na ϩ /K ϩ -ATPase protein levels are mediated by the caspase cascade and are limited to the shrunken population of cells. Future work in this area will likely show that Na ϩ /K ϩ -ATPase, which is essential to the maintenance of cellular homeostasis, is an important target in other forms of apoptosis as well.
